ABSTRACT. Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that affects motor neurons and lacks an effective treatment. The disease pathogenesis has not been clarified at present. Pathological transactive response DNA-binding protein 43 (TDP-43) plays an important role in the pathogenesis of ALS. Nuclear translocation of nuclear factor erythroid 2 (NF-E2)-related factor 2 (Nrf2) is found in a mutant TDP-43 transgenic cell model, but its downstream antioxidant enzyme expression is decreased. To elucidate the specific mechanism of Nrf2/ARE (antioxidant responsive element) signaling dysfunction, we constructed an ALS cell model with human mutant TDP-43 using the NSC-34 cell line to evaluate the impact of the TDP-43 mutation on the Nrf2/ARE pathway. We found the nuclear translocation of Nrf2, but the expression of total Nrf2, cytoplasmic Nrf2, and downstream phase II detoxifying enzyme (NQO1) was decreased in NSC-34 cells transfected with the TDP-43-M337V plasmid. Besides, TDP-43-M337V plasmid-transfected NSC-34 cells were rounded with reduced neurites, shortened axons, increased levels of intracellular lipid peroxidation products, and decreased viability, which suggests that the TDP-43-M337V plasmid weakened the antioxidant capacity of NSC-34 cells and increased their susceptibility to oxidative damage. We further showed that expression of the MafK protein and the Jun dimerization protein 2 (JDP2) was reduced in TDP-43-M337V plasmid-transfected NSC-34 cells, which might cause accumulation of Nrf2 in nuclei but a decrease in NQO1 expression. Taken together, our results confirmed that TDP-43-M337V impaired the Nrf2/ARE pathway by reducing the expression of MafK and JDP2 proteins, and provided information for further research on the molecular mechanisms of TDP-43-M337V in ALS.
TDP-43-M337V plasmid-transfected NSC-34 cells were rounded with reduced neurites, shortened axons, increased levels of intracellular lipid peroxidation products, and decreased viability, which suggests that the TDP-43-M337V plasmid weakened the antioxidant capacity of NSC-34 cells and increased their susceptibility to oxidative damage. We further showed that expression of the MafK protein and the Jun dimerization protein 2 (JDP2) was reduced in TDP-43-M337V plasmid-transfected NSC-34 cells, which might cause accumulation of Nrf2 in nuclei but a decrease in NQO1 expression. Taken together, our results confirmed that TDP-43-M337V impaired the Nrf2/ARE pathway by reducing the expression of MafK and JDP2 proteins, and provided information for further research on the molecular mechanisms of TDP-43-M337V in ALS.
INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a motor neuron disorder that manifests as a chronic, progressive, and fatal neurodegenerative disease (Zarei et al., 2015) . At present, the disease pathogenesis has not been clarified, and no effective treatment is available. ALS patients typically die from respiratory muscle paralysis within 3 to 5 years after diagnosis (Mathis et al., 2017) . Current evidence suggests that degeneration and death of motor neurons in ALS models are caused by a series of interacting mechanisms including oxidative stress, excitotoxicity, mitochondrial dysfunction, abnormal protein aggregation, cytoskeletal abnormalities, and genetic factors (Wang et al., 2014; Tafuri et al., 2015; Bozzo et al., 2017; Taylor et al., 2016) . Of these mechanisms, oxidative stress is considered the major factor in degeneration of motor neurons.
Abnormally ubiquitinated protein aggregates, of which the main component is the transactive response DNA-binding protein 43 (TDP-43) (Neumann et al., 2006) , were found in both nuclei and cytoplasm of neurons and glia in ALS patients and patients with frontotemporal dementia. Normal TDP-43 is a protein encoded by the TARDBP gene and consists of 414 amino acids with a relative molecular mass of 43 kDa (Romano et al., 2015) . It contains 2 RNA recognition sites and a glycine end that binds to single-stranded DNA and regulates transcription and splicing (Ayala et al., 2008) . Physiological TDP-43 proteins are primarily located in nuclei and rarely appear in the cytoplasm (Scotter et al., 2015) . TDP-43 protein expression is regulated by many signals such as those for nuclear localization and metastasis. Also, TARDBP gene mutation, protein phosphorylation, N-terminal truncation, and ubiquitination may cause the production of pathological TDP-43 protein (Winton et al., 2008) . The pathological TDP-43 protein appears as nuclear inclusion bodies, cytoplasmic aggregates, and other pathomorphological changes under disease and stress conditions (Tan et al., 2007; Maekawa et al., 2009; Tateishi et al., 2010) . Previous studies have shown that TDP-43 proteins in central nervous system neurons of patients who died of ALS shift from nuclei to the cytoplasm and diffuse in ubiquitin-positive inclusion bodies (Lagier-Tourenne and Cleveland, 2009; Brown et al., 2012) . Pathological TDP-43 plays a key role in ALS pathogenesis, but the specific mechanism remains unclear.
Studies have shown nuclear translocation of the nuclear factor erythroid 2 (NF-E2)-related factor 2 (Nrf2) in a mutant TDP-43 transgenic cell model, but the expression of its downstream antioxidant enzyme is decreased (Duan et al., 2010; Wang et al., 2014) . Thus, when cells are under oxidative stress, Nrf2 translocates from the cytoplasm to nuclei, and expression of the downstream antioxidant enzyme decreases. This response may be associated with the dysfunction of the Nrf2/antioxidant responsive element (ARE) signaling pathway.
To elucidate the specific mechanism of Nrf2/ARE signaling dysfunction, we constructed an in vitro model of ALS with human mutant TDP-43 using a neuroblastoma spinal cord (NSC-34) hybrid cell line to evaluate the impact of the TDP-43 mutation on the Nrf2/ ARE pathway and related protein expression. Results of this study may provide experimental and theoretical evidence for ALS pathogenesis and treatment.
MATERIAL AND METHODS

Materials
The pDEST30-EGFP, pDEST30-EGFP-TDP-43-WT, and pDEST30-EGFP-TDP-43-M337V plasmids were gifts from King's College London (London, UK). Lipofectamine TM 2000 was purchased from Invitrogen (La Jolla, CA, USA). G418 was purchased from Sigma (St. Louis, MO, USA). Primary antibodies for MafK, Jun dimerization protein 2 (JDP2), NADPH quinone dehydrogenase 1 (NQO1), Nrf2, and b-actin, as well as secondary antibodies, were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Primary antibody for SMI-32 was purchased from Covance Inc. (Princeton, NJ, USA). The bicinchoninic acid protein assay kits were purchased from Tiangen Biotech Co., Ltd. (Beijing, China). Total protein and cytoplasmic and nuclear protein extraction kits were purchased from Keygen Biotech Co., Ltd. (Nanjing, China). The immunohistochemistry kits were purchased from Beijing Zhong Shan-Golden Bridge Biotechnology Co., Ltd. (Beijing, China). MDA detection kits and MTT cell proliferation and cytotoxicity assay kits were purchased from Jiancheng Bioengineering Institute (Nanjing, China).
Cell culture and plasmid transfection
NSC-34 cells were cultured in DMEM containing 10% fetal bovine serum with penicillin-streptomycin (100 IU/mL penicillin and 0.1 mg/mL streptomycin) and incubated at 37°C in an incubator containing 5% CO 2 . The culture medium was changed every 2-3 days until the cells grew to 90% confluence for later experiments. Cultured cells were washed twice with PBS, followed by trypsinization under observation with an inverted microscope (Ti-S, Nikon, Japan). Once retraction of processes was observed, serum containing DMEM was immediately added to stop trypsinization. The medium was then pipetted up and down to loosen cells adhered to the culture dish wall and to prepare the cell suspension. Next, 1 x 10 4 cells were added to each well on a 24-well plate, followed by addition of 100 µL medium per well.
The pDEST30-EGFP, pDEST30-EGFP-TDP-43-WT, and pDEST30-EGFP-TDP-43-M337V plasmids were purified according to the manufacturer's instructions for the TIANprep Mini Plasmid Kit (Tiangen, Beijing, China). The plasmids were individually transfected into NSC-34 cells using Lipofectamine TM 2000 reagent (Invitrogen) according to the manufacturer's instructions. Once the transfected cells reached ~90% confluence, G418 working solution (final concentration 400 µg/mL) was added, and complete culture medium containing 400 µg/mL G418 was changed every other day. Non-transfected NSC-34 cells were used as negative controls. After culturing the cells for ~7 days, many dead cells were observed. The concentration of G418 in the complete culture medium was then decreased to 200 µg/mL for another 7 days. After culturing the cells for ~14 days, all plasmid-transfected groups had some cells survived, while all cells in the negative control group died. The transfected cells were subsequently incubated with standard medium to expand the culture, followed by repeating the above steps for a second G418 screening. After the second screening, cell purity of the transfected plasmid group increased. After expanding the culture for 5 days, the cells were observed under an inverted fluorescence microscope (Ti-S). Cells with green fluorescence were considered positive. NSC-34 cells with stably transfected pDEST30-EGFP, pDEST30-EGFP-TDP-43-WT, and pDEST30-EGFP-TDP-43-M337V were designated the EGFP, TDP-43-WT, and TDP-43-M337V groups, respectively.
Identification of transfected cells
Observation of pDEST30-EGFP green fluorescence expression
Green fluorescence expression of cells in culture flasks of the EGFP, TDP-43-WT, and TDP-43-M337V groups were observed under an inverted fluorescence microscope.
Identification of stably expressing cell lines using RT-PCR
Total RNA was isolated from harvested cells of the EGFP, TPD-43-WT, and TDP-43-M337V groups, followed by synthesis of the first-strand cDNA using a first-strand cDNA synthesis kit (Fermentas, Vilnius, Lithuania). One microliter of the reverse transcription reaction mix was used as a template for PCR. Reaction conditions for PCR were as follows: 95°C denaturation for 5 min; 30 cycles of 94°C denaturation for 30 s, 59°C annealing for 30 s, and 72°C elongation for 30 s; 72°C elongation for 10 min and 4°C to terminate the reaction. PCR amplification products were separated by electrophoresis on a 2% agarose gel, followed by analysis using a gel imaging system (Bio-Rad, USA). Specific PCR primers were designed based on human TDP-43, mouse TDP-43, and b-actin sequences listed in GenBank using the Primer Premier 5.0 software (Premier Co., Canada) ( 
Western blot analysis for identification of stably expressing cell lines
Appropriate amounts of total protein from harvested cells of the EGFP, TDP-43-WT, and TDP-43-M337V groups were mixed with loading buffer, and proteins were denatured in a boiling water bath. An SDS-PAGE gel was used to separate total proteins, followed by transferring to a PVDF membrane and blocking of non-specific antigens. Anti-TDP-43 primary antibodies (mouse anti-human TDP-43 and rabbit anti-mouse TDP-43) were incubated separately with each protein blot at 4°C overnight; then, incubating with the appropriate secondary antibody at room temperature for 1 h. Immunodetection was performed with an enhanced chemiluminescent substrate.
Immunocytochemistry
After trypsinization, centrifugation, and resuspension, 2 x 10 4 cells were added to each well on a 6-well plate and incubated for 24 h. Cells were then fixed in 4% formaldehyde for 40 min, permeabilized with 1% Triton X-100 solution for 20 min, and quenched in 3% H 2 O 2 for 10 min. Non-specific antigens were blocked for 15 min, and cells were then incubated with anti-SMI-32 primary antibody at 4°C overnight. Next, cells were incubated with biotin-labeled goat anti-mouse IgG at 37°C for 15 min, followed by incubation with streptavidin-biotin HRP working solution at 37°C for 15 min and color development using 3,3'-diaminobenzidine substrate solution. After dehydration, xylene clearing, and gelatin and resin mounting of the cells on glass slides, changes in cytomorphology were observed under a microscope (CX31RTSF, Olympus, Japan).
Measurement of intracellular lipid peroxidation levels
Levels of lipid peroxidation in cells were measured by quantifying the content of the lipid peroxidation product, malondialdehyde (MDA). Among the lipid peroxidation products, MDA reacts with thiobarbituric acid to form a red product that has a maximum absorption peak at 532 nm. According to the manufacturer's instructions of the MDA detection kit, absorbance at 523 nm was measured, and MDA content was calculated as nmol/mg protein.
Cell viability detected by MTT assay
MTT can be added to the cell culture medium. It is reduced by mitochondrial succinate dehydrogenase of living cells to form an insoluble dark purple crystal product, formazan; however, MTT cannot be reduced in dead cells. Formazan completely dissolves in DMSO, and its absorbance in the near wavelength of 570 nm can be measured by a microplate reader. We measured MTT absorbance following the manufacturer's instructions for the MTT assay.
Western blots
Total cell protein was extracted according to the manufacturer's instructions for the protein extraction kit, followed by quantifying protein concentration. Appropriate amounts of total protein were added to loading buffer and denatured in a boiling water bath, followed by SDS-PAGE separation and transfer to a PVDF membrane. The protein blot was blocked for 1 h and incubated with primary antibody at 4°C overnight. After washing with TBST, the protein blot was incubated with the relevant secondary antibody at room temperature for 1 h, followed by washing with TBST. Each protein blot was developed using an ECL solution, followed by film exposure, developing, fixing, and imaging. After scanning the protein blot using an image, grayscales of the target protein and b-actin bands in the same lane were measured to calculate the ratio. Experiments were repeated independently at least three times.
Statistical analysis
Data were analyzed using analysis of variance and are reported as means ± standard deviation. P < 0.05 was considered statistically significant. The statistical analysis was performed using the SAS System for Windows V8 (SAS Institute Inc., Cary, NC, USA).
RESULTS
Observation of green fluorescence
The 3 groups of cells were subcultured until reaching 90% confluence, followed by observation of green fluorescence under an inverted fluorescence microscope. Green fluorescence was detected in the transfected cells, which was associated with expression of transfected TDP-43 ( Figure 1A , B, and C). 
Cytomorphological changes
Immunocytochemistry was used to monitor morphological changes of the cells. Compared with EGFP group cells, cells of the TDP-43-M337V group had rounded cell bodies, reduced numbers of processes, and shorter axons ( Figure 1D , E, and F).
TDP-43 expression in transfected cells
RT-PCR was used to detect expression of endogenous TDP-43 (originating from NSC-34 cells) and exogenous TDP-43 (human TDP-43, from the transfected plasmid). No exogenous expression of TDP-43 was detected in cells of the EGFP group, whereas cells of both the TDP-43-M337V and TDP-43-WT groups had an exogenous expression of TDP-43. Endogenous expression of TDP-43 was detected in all 3 groups of cells (Figure 2A and B) . 
TDP-43 protein expression in transfected cells
Western blots were used to assess protein expression of endogenous and exogenous TDP-43 in the cells. The results showed that there was no detectable exogenous TDP-43 protein expression in the EGFP group, whereas cells of both the TDP-43-WT and TDP-43-M337V groups had exogenous TDP-43 protein expression. The endogenous TDP-43 protein was detected in all 3 groups of cells ( Figure 2C ).
Detection of MDA
MDA is the final product of lipid peroxidation. Measurement of MDA levels directly reflects levels of intracellular lipid peroxidation. Once cells reached ~90% confluence, the 3 groups of cells were collected to measure MDA levels. Our results showed that MDA content of the TDP-43-M337V group was significantly higher than that of the other 2 groups of cells (P < 0.01), while no significant difference in MDA content was found between cells of the EGFP and TDP-43-WT groups ( Figure 3A) . 
Measurement of cell viability using the MTT assay
Detection of cell viability using the MTT assay showed that the MTT value of cells in the TDP-43-M337V group was significantly lower than that of the other 2 groups of cells (P < 0.05), while no significant difference in MTT values was found between cells of the EGFP and TDP-43-WT groups (P > 0.05, Figure 3B ). These results suggest that cell viability of the TDP-43-M337V group was lower than that of the other 2 groups of cells.
Impact of PDEST30-EGFP-TDP-43-M337V plasmid transfection on protein expression of Nrf2 and of phase II detoxifying enzyme in NSC-34 cells
The present experiments indicated that levels of intracellular oxidative damage after transfection with pDEST30-EGFP-TDP-43-M337V were significantly enhanced. Thus, we extracted total protein, nuclear protein, and cytoplasmic protein from the 3 groups of cells to evaluate the impact of pDEST30-EGFP-TDP-43-M337V transfection on the Nrf2-ARE antioxidant pathway. The results showed that expression of the total Nrf2 protein ( Figure  4A and D) and the cytoplasmic Nrf2 protein ( Figure 4B and E) was reduced, and expression of the nuclear Nrf2 protein ( Figure 4B and F) was increased in cells of the TDP-43-M337V group. Besides, expression of the downstream effector, NQO1, was reduced ( Figure 4C and G), which suggests that pDEST30-EGFP-TDP-43-M337V impaired the Nrf2-ARE pathway in NSC-34 cells.
MafK and JDP2 protein expression
To investigate further the impact of transfected pDEST30-EGFP-TDP-43-M337V on the intracellular Nrf2/ARE pathway, we evaluated the expression of MafK and JDP2 proteins in the 3 groups of cells. Our results showed that protein expression of MafK and JDP2 in cells of the TDP-43-M337V group was significantly reduced ( Figure 5 , P < 0.05). 
DISCUSSION
Nrf2 regulation of an antioxidant enzyme through interaction with ARE is considered an important endogenous antioxidant pathway (Buendia et al., 2016) . Under normal conditions, Nrf2 in the cytoplasm is bound to its inhibitory protein, Keapl, and remains in an inactive state. When cells are under oxidative stress, oxygen free radicals dissociate Nrf2 and Keapl to promote translocation of Nrf2 from the cytoplasm to nuclei (Li and Kong, 2009) . Inside the nucleus, Nrf2 binds to Maf, ATF4, cJunD, JunD, and other trans-acting elements to form heterodimers and subsequently binds to the promoter region of the corresponding cis-acting element, ARE (Kimura et al., 2007) . This, in turn, activates downstream target genes of Nrf2, such as glutamylcysteine synthetase and glutathione S-transferase, and catalase expression to upregulate expression of phase II detoxifying enzymes and antioxidant proteins (Wakabayashi et al., 2004; Yamazaki et al., 2015) .
Many studies have demonstrated changes in the Nrf2/ARE signaling pathway in ALS, with decreases in cellular levels of total and cytoplasmic Nrf2 protein and increases in nuclear Nrf2 protein. However, expression of downstream phase II enzymes is reduced (Duan et al., 2010; Wang et al., 2014) . In this study, levels of total and cytoplasmic Nrf2 protein were reduced, and nuclear Nrf2 accumulated in NSC-34 cells after transfection with pDEST30-EGFP-TDP-43-M337V. Also, the expression of the phase II detoxifying enzyme (NQO1) was reduced in NSC-34 cells transfected with pDEST30-EGFP-TDP-43-M337V. Compared with cells in the EGFP group, NSC-34 cells transfected with pDEST30-EGFP-TDP-43-M337V had rounded cell bodies, a reduced number of processes, and shorter axons. Moreover, intracellular MDA content in the TDP-43-M337V group was increased, and viability of the cells was decreased, which suggests that transfection with pDEST30-EGFP-TDP-43-M337V weakened the antioxidant capacity of NSC-34 cells and made them more susceptible to oxidative stress.
To elucidate accumulation of Nrf2 in the nuclei of NSC-34 cells and clarify the cause of reduction of the downstream phase II detoxifying enzyme after transfection with TDP-43-M337V, we studied changes of the Maf family protein and JDP2 in the Nrf2/ARE pathway. Maf family proteins are important transcription factors in nuclei that mainly play roles in protein expression, cell differentiation, and apoptosis (Katsuoka and Yamamoto, 2016) . Common motifs of Maf family proteins include a basic leucine zipper (b-Zip) sequence and a conserved alkaline domain, which mediate protein dimer formation and DNA binding, respectively (Katsuoka and Yamamoto, 2016) . Small Maf protein is a member of the Maf protein family that has no transcriptional domain but plays a positive transcriptional regulatory role via binding to other transcriptionally active b-Zip proteins such as the activator protein 1 (AP-1) family (Kataoka et al., 1994) . The large subunit p45, Nrf1, and Nrf2 are intracellular transcriptional activators of AP-1 (c-Fos, c-Jun), CREB, CNC protein, and NF-E2 (Kataoka et al., 1994) . Small Maf proteins can be used as chaperones of these transcription factors involved in the formation of heterodimers and subsequently bind to the corresponding cis-acting element in DNA to promote gene transcription. They can also be used as transcription inhibitors through their formation of homodimers to inhibit gene transcription (Dhakshinamoorthy and Jaiswal, 2000) . Studies have shown that Nrf2 and small Maf proteins form heterodimers to promote Nrf2 target gene expression (Katsuoka et al., 2005; Kimura et al., 2007) . In this study, expression of the small Maf protein, MafK, was reduced in NSC-34 cells transfected with the TDP-43-M337V plasmid, thereby affecting the expression of Nrf2 and its downstream targeted genes. In vivo functions of Maf family proteins are complex. Small Maf proteins synergize or inhibit other transcription factors to play regulatory roles.
JDP2 is a protein isolated from the c-Jun binding protein and consists of 163 amino acids with a b-Zip domain (Tsai et al., 2016) . JDP2, as an AP-1 inhibitory protein, has been gradually recognized. It combines with other JDP2s, c-Jun, JunB, JunD, or ATF-2 to form dimers and inhibit transcriptional activity of Jun, c-Fos, and ATF-2 (Aronheim et al., 1997; Jin et al., 2001; Weidenfeld-Baranboim et al., 2009 ). Besides, JDP2 not only regulates gene transcription by changing chromatin structure but also recruits recombinant histone deacetylase or directly binds to histones to inhibit histone acetylation and regulate DNA, chromatin, protein, and other levels of gene transcription. Hence, JDP2 plays important roles in a variety of physiological and pathological processes in cells (Aronheim et al., 1997; Katz et al., 2001; Jin et al., 2002 Jin et al., , 2006 Rasmussen et al., 2009) . Studies have shown that JDP2 acts as a cofactor in gene transcription and plays an important role in the Nrf2/ARE/MafKmediated anti-oxidative stress transcriptional pathway (Chiou et al., 2013; Tanigawa et al., 2013) . JDP2 directly binds to the core sequence of ARE and Nrf2-MafK through the basic leucine zipper region to promote Nrf2-MafK complex initiation of DNA activity. Also, JDP2 binds to ARE to promote expression of ARE-associated genes (Chiou et al., 2013; Tanigawa et al., 2013) . Therefore, JDP2 plays an important role in protecting cells against oxidative stress. Expression of NQO1 and other antioxidant stress proteins also rely on expression of the JDP2 protein. In this study, JDP2 expression in NSC-34 cells transfected with TDP-43-M337V plasmid was reduced, which might reduce expression of NQO1 and other antioxidant stress proteins, thereby impairing cellular responses to oxidative stress. Specific mechanisms underlying JDP effects on the Nrf2/ARE signaling pathway have not been elucidated and require further study.
In summary, NSC-34 cells transfected with pDEST30-EGFP-TDP-43-M337V showed impairment of Nrf2/ARE pathway. This resulted in reduced expression of the intracellular Nrf2 protein and the downstream phase II detoxifying enzyme, which then reduced antioxidant capacity and cell viability. Besides, results showed a reduction of MafK and JDP2 protein expression, which might cause a reduced expression of the downstream phase II detoxifying enzyme despite an aggregation of the nuclear Nrf2 protein. Since this study is still at an initial stage, a more in-depth study is needed to verify the findings.
